Introduction {#sec1}
============

TorsinA was discovered as a novel 332-aa protein in which a specific 3-bp deletion (GAG) causing loss of a glutamate residue at position 303 underlies the early onset movement disorder DYT1 torsion dystonia.[@bib1], [@bib2], [@bib3] TorsinA was predicted to be an AAA+ ATPase, and the first and only one localized within the contiguous lumen of the endoplasmic reticulum (ER) and nuclear envelope (NE).[@bib1]^,^[@bib4], [@bib5], [@bib6] In the ER, torsinA is associated with protein quality control,[@bib7], [@bib8], [@bib9] redox sensing,[@bib10] membrane homeostasis,[@bib11] and lipid metabolism.[@bib12]^,^[@bib13] In the NE, functions encompass positioning of the nucleus during migration and morphology of the nuclear membrane,[@bib14], [@bib15], [@bib16] biogenesis of nuclear pores,[@bib17], [@bib18], [@bib19] and egress of large ribonucleoprotein particles and viral capsids out through the NE into the cytoplasm.[@bib20]^,^[@bib21] DYT1 patient fibroblasts showed a deficit in passage of newly replicated herpes simplex virus type 1 (HSV-1) capsids out of the nucleus into the cytoplasm as compared to control fibroblasts.[@bib22]

TorsinA was initially predicted to have a hexameric structure[@bib23]^,^[@bib24] with several proposed models, including a torsinA homohexamer,[@bib25] a 3:3 torsinA:LULL1 or LAP1 heterohexamer,[@bib26] and a 1:1 torsin:LULL1 or LAP1 heterodimer/hexamer,[@bib3] with the most recent studies favoring the homohexamer with LAP1 and LULL1 interactions triggering ATP hydrolysis and disassembly.[@bib27] In some models the C-terminal region of torsinA appears to be involved in oligomerization with torsinA, LULL1, and LAP1, and interaction with nesprin-3.[@bib3]^,^[@bib15]^,^[@bib28] The mutant form of torsinA appears to be unstable[@bib29] with diminished binding to LAP1 and LULL1, and reduced activation of ATPase.[@bib3]^,^[@bib28] When overexpressed, mutant torsinA promotes formation of ER-derived inclusions reflecting torsinA abnormality, with deletions within the C-terminal domain preventing the development of inclusions.[@bib30]

For those affected by DYT1 dystonia, our hypothesis has been that the incorporation of even one mutant torsinA molecule into the hexamer (depending on the model) can act in a dominant-negative manner to reduce ATPase activity.[@bib24] By reducing the amount of mutant torsinA or its ability to participate in the hexamer, it might be possible to normalize torsinA activity at the level of haplosufficiency. Using allele-specific CRISPR-Cas9 targeting to selectively disrupt the coding sequence of the mutant allele, we sought to disrupt the C-terminal region of the mutant protein to eliminate interactions with wild-type (WT) torsinA.[@bib31] In order to selectively target the mutation in torsinA at the genomic level, we used an engineered Cas9 from *Streptococcus pyogenes* (SpCas9-VRQR).[@bib32] In DYT1, the in-frame GAG deletion generates a sequence (AGAT) that is recognized by the SpCas9-VRQR variant as its protospacer-adjacent motif (PAM) site. Therefore, for the DYT1 heterozygous condition, SpCas9-VRQR was a suitable alternative to increase the genome editing precision of the mutant allele. Selective disruption of the mutant allele, with loss of C-terminal amino acids, was achieved in DYT1 fibroblasts, resulting in a reduction of total levels of torsinA and a normalization of release of replicating HSV from cells.

Results {#sec2}
=======

Efficiency of Selective Knockout of Mutant Allele in Culture {#sec2.1}
------------------------------------------------------------

DYT1 is caused by a heterozygous GAG deletion (c.907-909delGAG) in the last (5th) exon of the *TOR1A* gene. The GAG deletion results in the loss of one of two consecutive glutamate residues in the torsinA C-terminal (Glu303del). To selectively inactivate the mutant allele, we designed guide RNAs (gRNAs) targeted to the GAG deletion, which creates a PAM (NGAT) suitable for the SpCas9-VRQR variant[@bib32] ([Figure 1](#fig1){ref-type="fig"}A). Fibroblasts from DYT1 patients were transfected using nucleofection with plasmids encoding SpCas9-VRQR-2A-EGFP and one of three gRNAs targeted to the mutant allele. After 3 days, genomic DNA was isolated and the *TOR1A* locus was amplified using PCR. The PCR product was purified and submitted for deep sequencing. Data analysis has been performed similarly to previous studies using the CRISPResso2 tool.[@bib33], [@bib34], [@bib35], [@bib36] Even without selection for EGFP-positive cells, it was apparent that the H3 gRNA showed highest efficiency of *TOR1A* disruption (8.89% modified reads) ([Figure 1](#fig1){ref-type="fig"}B). Indel formation using SpCas9-VRQR and the H3 gRNA was also detectable in the Sanger sequence traces ([Figure 1](#fig1){ref-type="fig"}C). Analysis of editing using CRISPResso2 revealed that the most efficient targeting of the mutant allele was detectable with the H3 gRNA, as represented by the percentage of each base pair in a given position around the cleavage site ([Figure 1](#fig1){ref-type="fig"}D) and the quantification of individual reads containing different insertion and deletion mutations (indels) ([Figure 1](#fig1){ref-type="fig"}E). The quantification revealed that CRISPR-mediated edits occurred predominantly on the mutant allele as compared to the WT allele (in the DYT1_CRISPR-H3 gRNA condition, 46.65% of reads correspond to the WT allele and 36.89% to the mutant allele, suggesting that the remaining reads are CRISPR edits occurring mostly in the mutant allele) ([Figure 1](#fig1){ref-type="fig"}E).Figure 1Targeting the Mutant *TOR1A* Gene(A) gRNA design. The *TOR1A* gene is represented and GAG deletion (dGAG) is denoted in the 5th exon. The nucleotide sequence covering the mutation is shown for both WT and DYT1 mutant alleles with gRNA (red) and PAM site (green) for SpCas9-VRQR indicated. H1--H3 are gRNAs with different lengths. To allow expression from the U6 promoter, we added a non-annealing guanine to H2 and H3 (marked in blue). (B) gRNAs were tested in DYT1 fibroblasts and deep sequencing was performed. CRISPResso analysis was used to analyze the indel formation within a specified quantification window (5 nt on each side of cut site, area outlined with dashed line in D). The H3 gRNA showed the highest effectivity on the mutant *TOR1A*. "Control" refers to the condition in which DYT1 fibroblasts were transfected with SpCas9-VRQR only. (C) Sanger sequence traces of WT, DYT1, DYT1_Control, and DYT1_CRISPR-H3 gRNA conditions showing the base calls around the cut site (vertical black dashed line) and dGAG (GAG302--303 is highlighted in red). Blue shading behind the peaks represents base call quality. WT shows single-base peaks while DYT1 and control (no gRNA) show double peaks (arrow) due to the heterozygosis of the dGAG leading to a frameshift in one of the alleles. The DYT1_CRISPR-H3 gRNA sequence shows mixed peaks as a result of the CRISPR edits. (D and E) CRISPResso analyses showing in (D) the nucleotide percentage quantification in a given position (quantification window is highlighted with dashed gray lines), and in (E) the sequence reads aligned to the WT reference allele and percentage/total reads of indel for the DYT1_Control and DYT1_CRISPR-H3 gRNA conditions. The alignment also includes reads with indels outside of the quantification window. Reads below 0.2% frequency are not represented.

We next validated CRISPR-Cas9-mediated genome editing efficiency in five DYT1 patient fibroblasts transfected with plasmids encoding SpCas9-VRQR-2A-EGFP and the H3 gRNA. To enrich the DYT1 fibroblast population with a disrupted mutant allele, cells were sorted by FACS (72 h after nucleofection) for expression of EGFP to ensure that they had been successfully transfected with the Cas9 construct. After recovery of sorted cells, genomic DNA was isolated and the region of interest was amplified by PCR. PCR products were analyzed by Sanger sequencing and next-generation sequencing (NGS) ([Figure 2](#fig2){ref-type="fig"}A). Quantification of reads aligned to the WT and mutant *TOR1A* (DYT1) alleles for each sample confirmed high editing efficiency of the mutant allele compared to the WT ([Figure 2](#fig2){ref-type="fig"}B). The CRISPResso2 analysis showed an average of 82% disruption of the mutant allele and around 21% indel of the WT allele ([Figure 2](#fig2){ref-type="fig"}C). These observations are consistent with the ability of SpCas9-VRQR to exhibit modest activity against sites with NGGN or shifted NNGAG PAMs (present in the WT allele), as shown in previous PAM profiling data for SpCas9-VQR (a parental variant of SpCas9-VRQR).[@bib37]Figure 2CRISPR-Mediated Changes in DYT1 Fibroblasts(A) Experimental pipeline of CRISPR approach and analysis. (B) Indel quantification in WT and mutant alleles of five different fibroblasts lines (CRISPR represents DYT1 lines treated with VRQR-Cas9 and H3-gRNA) and one line treated only with VRQR-Cas9 (33217_Control). Top gray images represent NGS coverage (visualized using IGV) and show a white gap in half of the reads comprising the DYT1 allele. Bottom charts represent percentage of reads of individual indel in the DYT1 and WT alleles (CRISPResso analysis). (C) Using the VRQR-Cas9 and H3 gRNA there was a high efficiency of targeting the mutant as compared to the WT allele. (D) The most common indel (62.5%, 3.9%) using the H3 gRNA was a single base pair deletion resulting in a frameshift before the dGAG. (E) DYT1 and CRISPR-edited torsinA (DYT1_torA and CRISPR_torA) codon and respective amino acid sequences showing the early stop codon insertion (X) as a consequence of the most common indel (single base pair deletion). Schematic view of torsinA (DYT1_torA and CRISPR_torA) protein highlighting the signal sequence (SS) and the hydrophobic (H) domains in the N-terminal, the cysteines (C) along the AAA+ domain (light blue), and the functional motifs (Walker A and B and the sensors 1 and 2 mainly involved with ATP binding and hydrolysis). The early stop codon (CRISPR_torA) leads to a truncated form of torsinA lacking the last 30 aa in the C-terminal (d303--332, torA~302~) including one cysteine residue and the sensor 2 motif. Data are expressed as mean ± SEM.

The most common non-homologous end joining (NHEJ)-mediated repair was a deletion of a single G 7 bp 5′ to the mutant GAG deletion (62.48%) ([Figures 2](#fig2){ref-type="fig"}B and 2D), which would result in a frameshift leading to a premature stop codon and consequently a truncated torsinA protein lacking the last 30 aa of the C terminus ([Figure 2](#fig2){ref-type="fig"}E). Thus, rather than the normal 332-aa torsinA, the edited mutant protein would be predicted to be 302 aa long (d303--332 for torA~302~) lacking functional residues/motif, including the cysteine residue (C319), the sensor 2 motif (^318^GCK^320^) known for its redox sensing activity, and the association with the ATP binding site structural conformation ([Figure 2](#fig2){ref-type="fig"}E), as well as potential torsinA binding sites for its partners, LULL1 and LAP1.[@bib10]

Predicted Structural Features and Molecular Dynamics of Truncated TorsinA (torA~302~) {#sec2.2}
-------------------------------------------------------------------------------------

Since the expected protein after CRISPR-Cas9 editing would be a truncated form (lacking the last 30 aa in the C-terminal) of torsinA, we performed structural prediction analysis to investigate the stability and functionality of the truncated protein and whether it would still be able to incorporate into a hexamer.[@bib27] The structural modeling of torsinA has been previously described[@bib2]^,^[@bib3] and was used as a reference to analyze the consequences of the C-terminal truncated protein predicted as a result of CRISPR-Cas9 genome editing.

The physicochemical properties used for stability analysis showed no remarkable differences comparing WT and truncated torA~302~ ([Figure 3](#fig3){ref-type="fig"}A). The absence of the C terminus in torA~302~ would lead to lower interface area of the chains with one salt bridge missing ([Figure 3](#fig3){ref-type="fig"}A). Given that the torsinA C terminus contributes to the LULL1-torsinA interface, the representation of the torA~302~-LULL1 complex showed that this interface would be impaired ([Figure 3](#fig3){ref-type="fig"}B). The consequence would be consistent with the proposed analysis that the lack of the torsinA C terminus reduces cofactor (LAP and LULL1) binding and ATPase induction.[@bib3]^,^[@bib26]^,^[@bib28] It would also compromise the binding of torsinA to other partners such as nesprin-3, as previously described.[@bib15] The molecular dynamic simulation analysis revealed that the overall structural conformations of the mutated (dE303, DYT1 torsinA) and the truncated torA~302~ are conserved when compared to the WT torsinA, except for the missing C-terminal region, which could confer a slightly lower compaction level (radius of gyration-RG) observed in torA~302~ ([Figure 3](#fig3){ref-type="fig"}C). The absence of the last 30 aa in the C terminus of torA~302~ is predicted to lead to a higher flexibility in the torsinA C terminus due to the loss of the disulfide bond between the residues C280 and C319 ([Figure 3](#fig3){ref-type="fig"}D). This flexibility would also compromise the ATPase site formation in torsinA hexamer predictions, as represented by the dark blue regions in the back of the WT homohexamer structure ([Figure 3](#fig3){ref-type="fig"}E). The prediction analysis showed that the homohexamer formation consisting of only truncated torsinA is still possible, but would rely more on the torsinA N-terminal region. However, this homohexamer might not be stable or functional due to the C terminus flexibility and the impairment in the ATP binding site ([Figure 3](#fig3){ref-type="fig"}E).Figure 3Predicted Structural Changes in TorsinA Due to DYT1 Mutation and Its Elimination by CRISPR(A) Physicochemical properties of WT and predicted torsinA protein after CRISPR (torsinA~302~, torA~302~) structures. (B) Representation of (WT and torA~302~) torsinA (green)-LULL1 (blue) complex stabilized by VHH-BS2 (purple) based on Demircioglu et al.[@bib3] Missing C-terminal in torA~302~ is predicted to compromise binding to LULL1. (C) Molecular dynamic simulation analysis of different predicted torsinA structures represented on the right side (WT torsinA, DYT1 mutant torsinA, and torA~302~). The majority of the protein structure (in gray) is conserved in all three torsinA versions with main differences in the C-terminal region of torA~302~ (purple) when compared to DYT1 torsinA (green) and WT torsinA (brown). RMSD, root-mean-square deviation; RG, radius of gyration. (D) Cysteines C280--C319 interaction featured in the ATP binding site (C-terminal) of torsinA. C319 is missing in torA~302~, which can impact the conformation of the ATP binding site. (E) The most stable torsinA conformation calculated in the molecular dynamic simulation for WT and torA~302~ was used to prepare the homohexamer simulations. Color scale represents charge level (red is more negatively charged and blue is more positively charged regions). Predicted structures of homohexamers of WT torsinA and torA~302~ (front and back views). In the back view, the dark blue areas correspond to the ATP binding sites, which are not present in the torA~302~ homohexamer.

CRISPR-Disrupted Mutant Allele Does Not Affect *TOR1A* mRNA Levels, but Decreases TorsinA Protein Levels {#sec2.3}
--------------------------------------------------------------------------------------------------------

As this CRISPR procedure predominantly targeted the mutant allele leading to a predicted truncated form of torsinA, we then assessed whether CRISPR treatment affected torsinA mRNA and protein levels, while also monitoring for any additional effects on torsinB (*TOR1B*). qPCR data showed no difference in *TOR1A* and *TOR1B* mRNA expression levels between WT, DYT1, control (no gRNA), and CRISPR conditions ([Figure 4](#fig4){ref-type="fig"}A). By using an antibody targeting the N-terminal region of torsinA (DM2A8), we confirmed that DYT1 patient fibroblasts have a lower amount of torsinA compared to WT fibroblasts, as noted by others,[@bib14] and that while the control condition has the same level of torsinA as in DYT1 cells, there is a significant decrease in total torsinA in the edited cells significantly below that in the DYT1 cells ([Figures 4](#fig4){ref-type="fig"}B--4D). Incubation of protein lysates with PNGase F, an N-glycosidase, reduced torsinA molecular weight to an apparent mass of 33 kDa in all four groups ([Figure 4](#fig4){ref-type="fig"}B; [Figure S1](#mmc1){ref-type="supplementary-material"}), confirming the glycosylation status of torsinA.[@bib38]^,^[@bib39] This CRISPR-Cas9-mediated decrease in torsinA levels suggests that the truncated mutant torsinA is unstable and degraded.Figure 4CRISPR-Mediated Mutant Allele Disruption Does Not Affect *TOR1A* mRNA Levels, but Decreases TorsinA Protein Levels(A) *TOR1A* (exon junctions 1--2 and 4--5) and *TOR1B* mRNA expression in WT (n = 5), DYT1 (n = 4), control (n = 4), and CRISPR (n = 4) fibroblasts. Data are expressed as mean ± SEM. (B ) Representative immunoblot images of torsinA protein levels (DM2A8 antibody) in fibroblast lysates incubated or not with PNGase F. Each letter represents a different sample; the single quotation (') and double quotation (") represent, respectively, the control and CRISPR conditions for the corresponding DYT1. The samples sequence of the "No PNGase F" condition is the same as indicated in the "PNGase F" in each gel. Actin was used as loading control for each individual gel. (C) Densitometry analysis of immunoblot shown in B. Data are expressed as mean ± SEM. (D) Immunoblot density analysis using average of three independent experiments without PNGase F treatment. Fold change was calculated relative to the WT (dashed line). (C and D) One-way (C) or repeated measures (D) ANOVA was performed to compare groups. Tukey's multiple comparison tests were performed when ANOVA showed a significant effect. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001, ∗∗∗∗p \< 0.0001.

Does Disruption of the Mutant *TOR1A* Allele Normalize Function in DYT1 Patient Fibroblasts? {#sec2.4}
--------------------------------------------------------------------------------------------

Assuming that the mutant *TOR1A* allele acts as a dominant-negative to suppress torsinA activity, we considered the possibility that disruption of the mutant allele could "normalize" cellular functions that depend on torsinA. Based on findings by ourselves and others, torsinA is involved in replication of HSV-1, at least in part, during the egress of newly generated capsids through the NE into the cytoplasm.[@bib20]^,^[@bib22]^,^[@bib40] This would predict relatively lower HSV genome copies inside WT cells and higher numbers in the WT cell supernatant as compared to DYT1 cells, as was observed ([Figures 5](#fig5){ref-type="fig"}A--5C). CRISPR-Cas9 editing of DYT1 cells decreased the relative amount of HSV DNA in the cells and increased the relative amount in the supernatant, making it more similar to control cells ([Figures 5](#fig5){ref-type="fig"}C and 5D; [Figure S2](#mmc1){ref-type="supplementary-material"}). The difference is most evident when DYT1-edited cells are compared to their respective controls (no gRNA), since both conditions represent cells that were submitted simultaneously to all steps of the targeting process ([Figure 5](#fig5){ref-type="fig"}D). This supports normalization of torsinA function in the DYT1 cells by selective disruption of the mutant *TOR1A* allele.Figure 5Normalization of HSV Replication in DYT1 Cells after CRISPR Disruption of the Mutant Allele(A) Experiment schematic. Fibroblasts of different genotypes were infected with HSV-mRFP at an MOI of 10 and infection synchronized at 4°C for 30 min. Medium was changed, and plates were incubated at 37°C. HSV genome copies were assessed in DNA extracted from cells and in cell-free conditioned medium (supernatant \[SN\]) after 24 h of infection. (B) Representative micrographs of HSV-mRFP infected fibroblasts of each group (24 h post-infection). Scale bars, 100 μm. (C) HSV genome copies percentage in cell and SN of three independent experiments (WT, n = 5; DYT1, n = 4; control, n = 4; CRISPR, n = 4). Data are expressed as mean ± SEM. (D) Fold change of the SN/cell ratio was calculated relative to the control (dashed line). Repeated measures ANOVA (p = 0.01) was performed to compare DYT1, control, and CRISPR groups. Tukey's multiple comparison tests were further performed. ∗p \< 0.05.

Discussion {#sec3}
==========

There has been some debate as to whether DYT1 dystonia, caused by a GAG deletion in the coding region of one allele of *TOR1A*,[@bib1] is due to haploinsufficiency of the functional torsinA protein or a dominant-negative effect of the mutant protein on the WT protein.[@bib24] This study supports a dominant-negative effect with truncation of the mutant allele apparently leading to its degradation and restoration of one of the functions of torsinA in facilitating replication of HSV. Previous studies by ourselves and others[@bib20]^,^[@bib22]^,^[@bib40] have shown that torsinA facilitates transit of replicating HSV capsids in the cell nucleus across the NE from whence they enter into the cytosol and exit the cell, and that mutant torsinA at endogenous levels interferes with this process in DYT1 fibroblasts. Thus, this study indicates that selective NHEJ disruption of the mutant allele at the site of the mutation can lead to an increase in normal torsinA activity in cultured DYT1 fibroblasts. Supporting our findings, other studies have shown that it is possible to selectively silence the mutant mRNA using small interfering RNA (siRNA), providing evidence that this approach normalizes the DYT1 phenotype and that mutant torsinA acts in a dominant manner by inhibition of WT torsinA activity.[@bib41]^,^[@bib42]

It is remarkable that so few mutations have been found in the *TOR1A* locus encoding torsinA. If haploinsufficiency of this protein could cause a medical problem, more mutations, especially nonsense mutations throughout the protein, would be expected. Instead, our data support a dominant-negative mechanism whereby mutations/variants in the coding region of this gene present together with a WT allele act in concert to decrease functional torsinA in this heterozygous state to below 50% levels. The limited number of mutations/variants found in *TOR1A* suggests that most have no pathophysiologic effects in the heterozygous state, and loss of function in the homozygous state, at least in the mouse, is usually associated with embryonic lethality.[@bib14]^,^[@bib43] In contrast, several recently described mutations in *TOR1A*, either homozygous (p.R288∗, G318S, p.E303del) or compound heterozygous mutations (p.E303del/p.T321Rfs∗6), have been described in infants or young children with severe congenital joint fracture (arthrogryposis) and developmental delay.[@bib44], [@bib45], [@bib46] From these data, it appears that haploinsufficiency is not pathologic, whereas \>50% loss of torsinA activity can cause dystonia or be incompatible with normal development, depending on the extent of loss. Moreover, most of the few heterozygous mutations/variants associated with a movement disorder phenotype occur in the C-terminal region of the gene.[@bib2] Interestingly, CRISPR disruption of the mutant *TOR1A* allele in this study most commonly results in a truncated protein lacking 30 aa from the C-terminal region. Very few other truncating mutations have been described in gnomAD (overall allele frequency of 1.1 × 10^−4^); all are heterozygous, and it is not clear if any are pathogenic.[@bib47]

Our hypothesis has been that only mutations in torsinA that are compatible with its incorporation into the hexamer with normal torsinA, and thus interfere with ATPase activity, cause pathophysiologic consequences in a dominant fashion. Extensive structural predictions of the truncated version of torsinA by CRISPR-Cas9 editing, as well as WT and mutant torsinA, indicate that the resulting loss of a disulfide bond in the C-terminal region would lead to more flexibility, thus compromising interactions with other monomers in the hexameric structure and destabilizing binding of ATP. The reduced interaction with other monomers may account for the apparent increased susceptibility of the truncated version to degradation. In turn, this would lead to more hexamers composed entirely of WT torsinA in the DYT1 CRISPR-Cas9-edited cells, as compared to a mixture of mutant and WT torsinA in non-edited cells.

CRISPR editing of the genome is rapidly becoming a new modality in research and clinical medicine.[@bib48] With respect to neurologic diseases, it is still early to claim to what extent gene repair can be carried out in non-replicating neurons *in vivo* to lead to effective symptom amelioration. At present, a study in a mouse model of inherited hearing loss provides strong evidence that disrupting a dominantly acting mutation through NHEJ using a single gRNA and Cas9, leaving the WT allele intact, can restore physiologic function.[@bib34] New studies on adapting the CRISPR system for gene editing have provided promising advances for genetic diseases, including its use in non-dividing cells such as post-mitotic mouse cortical neurons and sensory and hair cells in the mouse inner ear.[@bib49], [@bib50], [@bib51] These studies have used catalytically modified components of CRISPR to enable the conversion of one base into another without inducing double-stranded break (DSB) known to create undesired byproducts. More recently, this genome editing became more precise with a method that can both recognize the target site and insert the desired nucleotide without DBS or donor DNA.[@bib51] Improvements in this technique have become the next focus: to increase the base editing purity, to reduce the detectable rate of indel formation and off-targeting, to increase *in vivo* delivery to target-specific tissues, and to increase precise base editing of genetic diseases. Although the gRNAs and mutant Cas9 described herein are mostly selective for disrupting the mutant *TOR1A* allele in a predictable mode, leaving the WT allele largely intact, it remains to be determined how effective this could be in targeting human neurons and whether off-target effects would compromise therapeutic intervention.

DYT1 is thought to be caused by dysfunction of corticostriatal synapses, which compromises their plasticity,[@bib52] due at least in part to hypercholinergic tone,[@bib53] although how that is caused by deficit in torsinA function is not known.[@bib54] Corroborating the positive effects of mutant-specific silencing by siRNA,[@bib41]^,^[@bib42] the present studies suggest the possibility of stereotactic injection of adeno-associated virus (AAV) vectors or other vehicles carrying the gRNA and Cas9 designed to be selective for the mutant *TOR1A* allele, to disrupt it in hopes of normalizing function of these neurons, which could be evaluated electrophysiologically in a DYT1 mouse model (e.g., see Goodchild et al.[@bib14]). With AAV vectors advancing to products for neurologic and eye diseases,[@bib55] this strategy presents a potentially "single shot," new mode of therapeutic intervention in DYT1dystonia.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

Coded primary human skin fibroblasts from DYT1 patients (33069, 33115, 33217, 34866, 36370) and healthy controls (33114, 33430, 33362, 35628, 33113, referred to here as "WT" in distinction from the "control" condition of the CRISPR approach) were obtained and used through a protocol approved by the Partners Human Research Committee (2009p-001500). Informed consent was obtained from all subjects. All fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM) with high glucose supplemented with 20% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) (DMEM/20). Cultures were negative for mycoplasma contamination, as assessed using a PCR mycoplasma detection kit (Applied Biological Materials, Richmond, BC, Canada).

gRNA Design and Plasmid {#sec4.2}
-----------------------

The DYT1 GAG deletion in exon 5 of the *TOR1A* human gene (c.907_909delGAG; p.Glu303del; ΔE 303) creates a PAM site (NGAT) suitable for the *Streptococcus pyogenes* Cas9-VRQR (SpCas9-VRQR) variant.[@bib32] Three gRNAs (H1--H3) were designed adjacent to the PAM site and tested for efficiency. Plasmid encoding the gRNA under a U6 promoter (cloned into MLM3636) and the plasmid expressing Cas9-VRQR-EGFP under a CAG promoter (MSP2532, pCAG-hSpCas9-VRQR-NLS-FLAG-P2A-EGFP)[@bib32] were used in this study.

Nucleofection of Plasmids {#sec4.3}
-------------------------

One milliliter of DMEM with 20% FBS (DMEM/20) per well in a six-well plate was prewarmed. One million fibroblasts were resuspended in 100 μL of primary cell nucleofection solution (80 μL of P2 solution + 20 μL of supplement of a P2 Primary Cell 4D-Nucleofector X kit). Cells were mixed with 1 μg of SpCas9-VRQR-2A-EGFP plasmid and 1 μg of gRNA and transferred to a nucleofection cuvette. Cells were electroporated using a 4D-Nucleofector core unit (Lonza, CZ167 program). After nucleofection, prewarmed DMEM/20 was used to transfer transfected cells into a six-well plate. Transfection with only SpCas9-VRQR (no gRNA) was used as a control condition (termed Control). After 72 h, EGFP-positive fibroblasts underwent fluorescence-activated cell sorting (FACS; FACSAria) and were cultured until confluent. Genome editing with CRISPR was performed in five DYT1 lines, but because line 36370 did not completely recover after FACS that DYT1 line was not used in experimental analysis.

Analysis of Gene Editing Outcomes {#sec4.4}
---------------------------------

Genomic DNA of sorted CRISPR-transfected fibroblasts were isolated using a DNAeasy Tissue and Blood kit (QIAGEN, Hilden, Germany), and PCR of the DYT1 mutation region was performed using Phusion high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA), with the following primers: forward, 5′-CTCCCCCTGGAATACAAACA-3′, reverse, 5′-GGAGCTGGCTCCTTCCTTCT-3′. PCR products were purified with the PCR product purification kit (QIAGEN) and submitted for Sanger sequencing with the same primers. Purified PCR products were submitted to targeted deep sequencing (MGH DNA Core, Boston, MA, USA), and quantification of indels was performed using CRISPResso2.[@bib36] In parallel, the Galaxy web platform was used for alignment of NGS data to the reference genome, and the Integrative Genomics Viewer (IGV) was used for NGS data visualization.[@bib56]^,^[@bib57]

Predicted Structural Features of CRISPR-Edited TorsinA (torA~302~) {#sec4.5}
------------------------------------------------------------------

Sequencing analysis of genome editing events resulting from treatment with SpCas9-VRQR revealed a 1-bp deletion as the most common indel in fibroblasts. The 1-bp frameshift is predicted to lead to a stop codon positioned at aa 302 with predicted formation of torsinA missing the last 30 aa in the C-terminal region (termed torA~302~). Structural analyses were performed to compare WT, DYT1, and torA~302~ hexamers. The crystal structures of torsinA WT and DYT1 were obtained from the Protein Data Bank (PDB), using PDB: [5J1S](pdb:5J1S){#intref0010} and [5J1T](pdb:5J1T){#intref0015}, respectively.[@bib3] The torA~302~ structure was built based on the WT structure. All Poisson-Boltzmann calculations were done using the Adaptive Poisson-Boltzmann Solver (APBS)[@bib58] PyMOL plugin.

Molecular Dynamics Simulations {#sec4.6}
------------------------------

Molecular dynamics simulations were performed for three torsinA systems: (1) WT, (2) DYT1, and (3) torA~302~. Amber99SB force field[@bib59] implemented in GROMACS 2016.3[@bib60] was used to describe the atoms of the system. Periodic bound conditions were applied, and the numbers of particles, pressure, and temperature were maintained constant (NPT ensemble) during the whole production phase. The V-rescale[@bib61] thermostat was used to maintain the system at constant temperature using a coupling time of 0.1 ps, and the Berendsen barostat[@bib62] was applied to ensure that the system pressure was maintained at 1 bar. The LINCS algorithm[@bib63] was implemented in order to constrain all of the covalent bonds involving hydrogen atoms and the system evolved in time in steps of 2 fs. van der Waals interactions were computed using a 12 Å cutoff. The particle mesh Ewald method was applied to calculate electrostatic contributions in a grid with 1.2 Å spacing. The macromolecule was fully solvated using the TIP3P model[@bib64] in a cubic box extending 10 Å from the macromolecule surfaces. The systems were submitted to steepest-descent energy minimization up to a tolerance of 1,000 kJ/mol/nm in order to remove close contacts of van der Waals forces. The equilibration phase was performed in two steps: (1) an NVT equilibration for 500 ps, followed by (2) an NPT equilibration step lasting 1,000 ps before the production phase, lasting for 100 ns.

Preparation of Cell Lysate and Western Blots {#sec4.7}
--------------------------------------------

For total cell lysates, cells were suspended in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris \[pH 7.5\], 1% Nonidet P-40 \[NP40\], 0.5% deoxycholate, 0.1% SDS) with protease inhibitor (cOmplete, Mini, EDTA-free tablets, Roche, Indianapolis IN, USA). Twenty micrograms of total protein from each lysate was prepared in NuPage lithium dodecyl sulfate (LDS) sample buffer (Thermo Fisher Scientific) and heated at 95°C for 10 min before undergoing electrophoresis. Deglycosylation of total cell lysate was performed by using PNGase F (New England Biolabs, Ipswich, MA, USA), according to the manufacturer's instructions. In brief, 20 μg of total cell lysate was combined in glycoprotein denaturing buffer and denatured by heating at 100°C for 10 min. GlycoBuffer 2, NP40, and PNGase F were added and samples were incubated at 37°C for 1 h. Non-treated samples were included following the same steps, except that PNGase was not added to the reaction. LDS sample buffer was added to processed lysates and heated at 95°C for 10 min before resolution by electrophoresis.

Cell lysates were resolved by electrophoresis on Novex Bolt Bis-acrylamide (4%--12%) gels and transferred to nitrocellulose membranes. Membranes were blocked with 5% milk in Tris-buffered saline with Tween 20 (TBST; 150 mM NaCl, 50 mM Tris \[pH 7.9\], 0.5% Tween 20) and incubated overnight in primary antibodies diluted in 5% milk in TBST. Membranes were washed three times in TBST and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies, with labeled proteins visualized via chemiluminescence using SuperSignal West Pico substrate (Thermo Fisher Scientific). Antibodies used for western blotting were as follows: mouse anti-torsinA (DM2A8 raised against MBP-torA51-324,[@bib4] and confirmed to recognize specifically the torsinA N-terminal; data not shown), mouse anti-β actin (A5544, Sigma-Aldrich, St. Louis, MO, USA, 1:2,000), and HRP-conjugated anti-mouse immunoglobulin G (IgG; NA 931, Amersham Pharmacia Biotech, 1:1,000).

HSV Infection and Quantitation {#sec4.8}
------------------------------

Virus stock of HSV-VP26mRFP was prepared as described, and titer was calculated as plaque-forming units (PFU/μL).[@bib65] Fibroblasts seeded in 12-well plates (10^5^ cells/well) were infected with virus at the multiplicity of infection (MOI) of 10. Cells were incubated at 4°C for 30 min and media were changed to DMEM/20 for 24 h. Conditioned media were collected, centrifuged at 300 × *g* for 4 min, and supernatant was collected. Cells were trypsinized, centrifuged at 300 × *g* for 4 min, and the pellet was saved. DNA was extracted from supernatant and cell pellet using a DNeasy Tissue and Blood kit (QIAGEN, Hilden, Germany), according to the manufacturer's instructions. DNA concentration was measured with Qubit (Thermo Fisher Scientific) using a high sensitivity (HS) DNA kit (Qubit 1× double-stranded DNA \[dsDNA\] HS assay kit). HSV genome copies were determined using 0.2 ng of DNA per reaction and based on the internal standard curve prepared with HSV virus stock serially diluted in the range of 100--100,000 genome copies. The PCR mix was prepared with SYBR Green master mix (Thermo Fisher Scientific) with primers for the tegument k (tk) gene (forward, 5′-AGGCATGCCCATTGTTATCTG-3′, reverse, 5′-GAGACAATCGCGAACATCTAC-3′). qPCR was run on the QuantStudio 3 real-time PCR system (Thermo Fisher Scientific) using 40 cycles.

qPCR {#sec4.9}
----

Reverse transcription of isolated RNA was performed using a SuperScript VILO cDNA kit (Thermo Fisher Scientific). Quantitative real-time PCR was performed using Power SYBR Green master mix (Thermo Fisher Scientific) or TaqMan master mix (Thermo Fisher Scientific). Expressions of torsin family 1 member A (*TOR1A*) and torsin family 1 member B (*TOR1B*) were detected using TaqMan primers (*TOR1A* exon-exon junction 1--2, Hs01115608_m1; *TOR1A* exon-exon junction 4--5, Hs0164427_m1; *TOR1B* exon-exon junction 2--3, Hs00248082_m1) and TaqMan gene expression master mix (Thermo Fisher Scientific) on the QuantStudio 3 real-time PCR system (Thermo Fisher Scientific). Glucuronidase, beta (*GUSB*; Hs009396_m1) was used as housekeeping gene for data normalization.

Statistical Analysis {#sec4.10}
--------------------

Data are expressed as mean ± SEM or individual values. Statistical analyses were performed using GraphPad Prism 8 software. One-way or repeated-measurement analysis of variance (ANOVA), followed by Tukey's multiple comparison test, was applied to compare experimental groups. Statistical significance was defined as p \< 0.05.
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